Abstract: Unnatural paramagnetic a-amino acids with 2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-1-yloxyl-3-yl radical or 2,5,5-trimethylpyrrolidin-1-yloxyl-2-yl radical side-chains, including a lysine mimic azido precursor and their derivatives, are described. The new set of paramagnetic amino acids presented in this work with different (polar, nonpolar, aliphatic, aromatic, etc.) side-chains offers a useful tool for the ESR study of the protein structure and function after incorporation, fulfilling diverse structural requirements.
Synthesis of New 2,2,5,5-Tetramethyl-2,5-dihydro-1H-pyrrol-1-yloxyl Radicals and 2-Substituted-2,5,5-trimethylpyrrolidin-1-yloxyl Radicals Based a-Amino Acids
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One main group of unnatural amino acids have fluorophores or paramagnetic labels in the side chain, which allows to follow them by biophysical methods. [3] [4] [5] [6] There are two main approaches to modifying peptides with spin labels. One approach is site-directed spin labeling, which requires synthesis of cysteine mutants which can be modified afterwards with paramagnetic methanethiosulfonates. 7 The other approach includes the incorporation of a paramagnetic amino acid in a step-by-step synthesis, e. g. Merrifield synthesis or nonsense suppression methodology. 2 For the ESR studies of proteins, a variety of paramagnetic a-amino acids, [3] [4] [5] 8 b-amino acids 9 and g-amino acids 10 have been synthesized. In several cases naturally occurring amino acids were modified by alkylation or acylation with functionalized pyrrol-1-yloxyl radicals to obtain a paramagnetic protein building block 11 and very recently paramagnetically modified cysteine and tyrosine were inserted using nonsense incorporation in Xenopus Oocytes. 12 TOAC, 3 (4-amino-1-oxyl-2,2,6,6-tetramethyl-piperidine-4-carboxylic acid) by far the most popular among the above mentioned a-amino acids, was incorporated into a-melanocyte stimulating hormone without loss of biological activity. 13 Very recently, from our laboratory, paramagnetic amino acids obtained by O'Donnell synthesis, 4 including conformationally constrained amino acids have been reported. 8 Until now, mainly 3-substituted 2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-1-yloxyl radicals have been used for the synthesis of paramagnetic amino acids. In this paper, we report the extension of the above procedure for 3,4-disubstituted 2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-1-yloxyl radicals and 2-substituted 2,5,5-trimethylpyrrolidine-1-yloxyl radicals with different alkyl and aromatic substituents and spacers, leading to second generation of paramagnetic aamino acids. The introduction of 2-substituted 2,5,5-trimethylpyrrolidine-1-yloxyl radicals generates a new aamino acid series with a proline-like side chain with an orientation different from amino acids containing 3-substituted 2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-1-yloxyl radicals (Figure 1 ). under phase transfer conditions 21 gave the monoalkylated product 2a-f, which could be readily hydrolyzed under acidic conditions to the corresponding amine 3a-f, without affecting the N-oxyl radical moiety. The treatment of DL-amino acid esters with t-butoxycarbonyl anhydride gave the corresponding protected N-Boc amino acid ethyl esters 4a-f, which can be hydrolyzed to acids 5a-f allowing utilization in Merrifield synthesis (Scheme 1). Incorporation of amino acid 5c as a bromine containing compound is not only a spin label but may support proteomic analysis by mass spectrometry with the diagnostic unique twin peaks arising from the bromine isotopes. 22 Compound 5d is designed to convert e-azidobutyl sidechain to e-aminobutyl side-chain after incorporation into a protein or it can be used for protein immobilization or aiding cross-links by Staudinger ligation, 23 while synthe-sis of compounds 5e-f were intended to mimic the natural amino acids with aromatic side chain such as phenylalanine.
The other approach to the synthesis of paramagnetic amino acids by the O'Donnell method uses 2-substituted 2,5,5-trimethylpyrrolidine-1-yloxyl radicals as alkylating agents.
These alkylating agents are readily available from 2,5,5-trimethyl-1-pyrroline N-oxide (TMPO) 24 by Grignard reaction of propargyl alcohol 25 or 4-(dimethoxymethyl)phenyl bromide 26 followed by functional group transformations. Although quite simple, this method has the disadvantage that a second chiral center is introduced into the molecule, necessitating a final purification step to resolve the two diastereomers. Alkylation of ethyl N-diphenylmethylene glycine with paramagnetic propargylic 6a, 25 allylic 6b 25 and benzylic bromide 6c 26 under phasetransfer conditions gave the monoalkylated product 7a-c, which could be readily hydrolyzed under acidic conditions to the corresponding amine 8a-c. Treatment of racemic amino acid esters with t-butoxycarbonyl anhydride gave the protected N-Boc amino acid ethyl esters 9a-c which can be hydrolyzed to the corresponding N-protected amino acids 10a-c as described above (Scheme 2). The paramagnetic 10a propargyl glycine, 10b allyl glycine and 10c phenylalanine with different orientation, spacer rigidity and saturation forms a novel paramagnetic amino acid series.
In conclusion, new N-protected a-amino acids 27 with paramagnetic side chains with different length, orientation, shape and polarity have been synthesized. The resolution of these new, second-generation paramagnetic amino acids with chiral chromatography as well as their incorporation into peptides are in progress as part of another ongoing project.
